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Thiophene-based terpyridine and its zinc halide 

complexes：：：：Synthesis, crystal structures and third-

order nonlinear optical properties in near-infrared 

region 

Jingyun Tan,†a Rui Li,†a Dandan Li, a Qiong Zhang, a Shengli Li,a Hongping 

Zhou,a Jiaxiang Yang, a Jieying Wu,a,* Yupeng Tiana,b,* 

A novel 4'-(4-(diphenylamino)thienyl)-2,2':6',2''-terpyridine ligand (L) based on thiophene and its 

LZnX2 complexes ( X=Cl, Br, I, SCN ) were designed, synthesized and characterized by elemental 

analysis, Far-IR, MALDI-TOF-MS, and single crystal X-ray diffraction analysis. The structural studies 

revealed that the central zinc (II) atom adopted a distorted trigonal bipyramidal coordination model. 

However, there were different hydrogen bonds and stacking models with different counter anions in the 

crystals. The absorption properties of the compounds were investigated with aiding of TD-DFT 

computational methods. Furthermore, the third-order nonlinear optical (NLO) properties were 

systematically studied via open-aperture Z-scan methods using tunable wavelength femtosecond laser. 

The results from photophysical property investigations suggested that the complexation of the thiophene-

based terpyridine ligand with zinc halides resulted in strong ICT/LLCT bands about 450 nm, and the 

complexes exhibited strong nonlinear optical response in the near-infrared range around 850 nm. Above 

all, the two-photon absorption (2PA) cross-section values (σ) was enhanced by the coordination with 

zinc and influenced by halide ions, reaching up to 2583 GM (X=Br). 

 

 

 

Introduction 

Nonlinear optics (NLO) is the branch of optics that describes 
the behavior of light in media where the dielectric polarization 
responds nonlinearly to (the electric field component of) light.1, 

2 Recently, materials with remarkable NLO properties in near-
infrared (NIR) region have been extensively exploited due to 
their numerous potential applications in optical communication, 
optical data processing and storage, three-dimensional 
microfabrication, frequency-upconversion lasing, optical power 
limiting and bioimaging.3-7  

So far as we know, the push–pull π-conjugated system might 
possesses the main and most promising foundation for NLO 
materials.8,9 There are two basic kinds of push–pull models, 
donor-acceptor (D-A) and donor-π-chromophore-acceptor (D-
π-A) constructions. It is known that extending of conjugated 
system to construct novel large D-π-A molecule contributes 
positive impact on the enhancement of NLO response. 
However, the compounds with large conjugated system are 
normally thermally unstable and synthetic processes are time 

consuming,10 which limited their various practical applications. 
Moreover, recent studies suggested that a large π-conjugated 
organic ligand may result in decreasing NLO effect while 
coordinated with metal ions, which was opposite to the original 
intention.11-13 Therefore, economically designing as smaller 
molecule as possible while with stronger NLO effect for 
practical applications gradually appear as a novel 
conception.14,15  

Compared with inorganic, organic and polymeric materials, 
metal complexes can well combine the merits  as follows:16-19 
1) More sublevels in the energy hierarchy, which permit more 
allowed electronic transition to take place and resulting a larger 
NLO effect; 2) High damage threshold and fast response, which 
are important factors for their practical applications. 
Consequently, considerable attentions have been paid to the 
complexes with NLO effect nowadays. 

The complexes of 2,2′:6,2′′-terpyridine derivatives have 
aroused widespread concern and great interest for their 
distinguished photophysical and electrochemical properties. In 
combine with transition metal ions, 2,2′:6,2′′-terpyridines form 
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distorted configuration complexes showing different stabilities 
from kinetically inert to labile (e.g., Zn(II)).20-22 The attainable 
and the low cost of zinc show a considerable advantage 
compared with the other potential metals. In particular, when 
Zn(II) binds to terpyridine with conjugated aryl substituents, an 
efficient intramolecular charge transfer (ICT) from the 
substituted aryl donor (D) to the metalated terpyridine acceptor 
(A) takes place upon light excitation.23,24  

Further more, thiophene derivatives have attracted much 
attention due to the rich electronic feature of the thiophene 
moiety.25-28 Thiophene unit acts as a π-conjugated bridge, 
which owns higher stability than double bond, and higher 
electron delocalization than benzene. Therefore, it can be used 
to construct molecular optoelectronic functional materials. It 
was proposed that the derivatives containing thiophene unit 
should result in large molecular hyperpolarizability and charge 
transfer, which are necessary for NLO responses.29,30 

Considering above, here we first rationally synthesized a 
novel ligand 4'-(4-(diphenyl- amino)thienyl)-2,2':6', 2''-
terpyridine (L) and its Zn(II) complexes (LZnCl2, LZnBr2, 
LZnI2 and LZn(SCN)2) (Scheme 1). Specifically, this design 
was based on the following considerations: 1) L with D-A 
construction combines the electron rich property of 
diphenylamine (as D) with the electron-withdrawing ability of 
terpyridine (as A), which can strongly bind towards metal ions; 
2) Distinct bathochromic-shift of their absorption properties 
could be expected after introducing thiophene ring as both 
donor and bridge into a π-conjugated system; 3) Zn(II) within 
the complexes can arouse stronger charge transfer;31,32 4) As a 
systematic work, the influences on their structures and 
photophysical properties should be investigated for the four 
halide ions (Cl, Br, I and SCN) in the complexes. 
 

 
Scheme 1 Synthetic route for ligand L and complexes LZnCl2, 

LZnBr2, LZnI2 and LZn(SCN)2 
 

Experimental 

Measurements and Methods 

All chemicals were commercially available and all solvents were 
purified by conventional methods before use． 

Elemental analyses were performed with a Perkin Elmer 240C 
elemental analyzer. The 1H NMR spectra were recorded at 25 °C on 
a Bruker Avance 400 spectrometer, and the chemical shift are 
reported as parts per million from TMS (δ). Coupling constants J are 
given in Hertz. Mass spectra were acquired on a Micromass GCT-
MS (EI source). Fourier transform infrared spectra (FT-IR) were 
recorded on a NEXUS-870 (Nicolet) spectrophotometer in the 4000-
50 cm-1 region (mid-IR: 4000-400 cm-1, using a powder sample on a 
KBr plate; far-IR: 600-50 cm-1, using a powder sample on a PE film 
attached with paroline. UV-vis absorption spectra were recorded on 
a UV-265 spectrophotometer. Fluorescence measurements were 

carried out on a Hitachi F-7000 fluorescence spectrophotometer. 
NLO properties were measured by the Z-scan technique with a 
femtosecond laser pulse and Ti: 95 Sapphire System (680~1080 nm, 
80 MHz, 140 fs, Chameleon II) as the light source. The beam was 
spatially filtered to remove higher-order modes and tightly focused 
using a 5 cm focal length lens. The incident average power of 100 
mW was adjusted by a Glan prism. The thermal heating of the 
sample with high repetition rate laser pulse was removed by the use 
of a mechanical chopper running at 10 Hz. A 1 mm cell of the 
sample in DMF at 1.0×10-3 mol⋅L-1 was put in the light path, and all 
measurements were carried out at room temperature. 

Crystallography 

The X-ray diffraction measurements were performed on a 
Bruker SMART CCD area detector using graphite 
monochromated Mo-Kα radiation (λ = 0.71069 Å) at 298(2)K. 
Intensity data were collected in the variable ω-scan mode. The 
structures were solved by direct methods and difference Fourier 
syntheses. The non-hydrogen atoms were refined 
anisotropically and hydrogen atoms were introduced 
geometrically. Calculations were performed with SHELXTL-97 
program package.33 

TD-DFT studies 

Optimizations were carried out with B3LYP/6-311+G(d,p) and 
B3LYP[LANL2DZ] without any symmetry restraint. All 
calculations, including optimizations and TD-DFT, were 
performed with the G03 software.34 Geometry optimization of 
the singlet ground state and the TD-DFT calculation of the 
lowest 25 singlet-singlet excitation energies were calculated 
with a basis set composed of 6-311+G(d,p) for C, H, N, O and 
S atoms and the Lanl2dz basis set for the Zn, Cl, Br and I 
atoms. The basis set was downloaded from the EMSL basis set 
library. The lowest 25-spin allowed singlet-singlet transitions, 
up to energy of about 5 eV, were taken into account for the 
calculation of the absorption spectra. 

Synthetic procedures 

Synthetic route for ligand L and complexes LZnCl2, LZnBr2, 

LZnI2 and LZn(SCN)2 were shown in Scheme 1. 

Synthesis of compound M. Phenanthroline (0.45 g, 2.3 mmol), 
cuprous iodide (0.46 g, 2.4 mmol), anhydrous potassium carbonate 
(5.00 g, 36 mmol) and diphenylamine (1.86 g, 11 mmol) were placed 
in an oven-dried 250 mL Schlenk flask. The reaction vessel was 
evacuated and filled with high purified argon, a process which was 
repeated three times. Then refined dimethylsulfoxide (120 mL) and 
5-bromo-2-thiophene carbaldehyde (1.90 g, 10 mmol) were added 
with a syringe under a counter-flow of argon. At last, 18-Crown-6 
(0.04 g, 0.15 mmol) and Aliquat-336 (0.02 g, 0.05 mmol) were 
added. The reaction was stirred at 88 °C for 48 h. Upon completion 
of the reaction, the mixture was cooled to room temperature. The 
mixture was filtered through a Buchner funnel to remove the 
deposition, then diluted with water (500 mL) and stirred for 24 h. A 
yellowish-brown product was obtained after the separation of water 
by a Buchner funnel again. Purification of the residue by column 
chromatography on silica gel (Petroleum ether / Ethyl acetate 20:1) 
gave M as yellow powder, 1.37 g, with yield of 49%. M. p. = 97 oC. 
1H-NMR (d6-acetone, 400 MHz, ppm): δ= 6.39 (d, J= 4.4Hz, 1H), 
7.29 (t, J= 10.0Hz, 2H), 7.35 (d, J= 8.0Hz, 4H), 7.46 (q, J= 8.0 & 
10.0Hz, 4H), 7.66 (d, J= 4.4Hz, 1H), 9.64 (s, 1H). 13C-NMR (d6-
DMSO, 150 MHz): δ= 125.59, 126.58, 127.94, 129.46, 130.03, 
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139.53, 145.46, 163.29, 182.19. IR (KBr, cm-1): 3087 (w), 3039 (w), 
2805 (m), 2760 (m), 1889 (w), 1663 (vs), 1580 sm), 1524 (m), 1485 
(s), 1424 (s), 1386 (s), 1349 (s), 1220 (m), 755 (m), 691 (m). Calcd. 
for C17H13NOS(279.36): C, 73.09; H, 4.69; N, 5.01%. Found: C, 
73.13; H, 4.71; N, 5.03%. MALDI-TOF: m/z, cal: 279.07, found: 
279.26 [M+]. 
Synthesis of ligand L. In 80 mL ethanol solution, M (2.80 g, 10 
mmol) was added, stirring at room temperature, then 2.70 g (22 
mmol) 2-acetylpyridine and KOH (2.90 g, 50 mmol) which was 
dissolved with water as little as possible, were added successively. 
After 10 min, ammonia (25%, 62 mL, 400 mmol) was added by 3 
portions. The reaction was stirred at 85 °C for 4 h. The mixture were 
cooled to room temperature and filtered, giving L as yellow solid, 
with yield of 1.95 g, 40%. M.p. = 198 oC. 1H NMR (d6-DMSO, 400 
MHz, ppm) δ = 8.73 (d, 2H), 8.62 (d, 2H), 8.50 (s, 2H), 8.01 (t, 2H), 
7.77 (d, 1H), 7.51 (t, 2H), 7.41 (t, 4H), 7.20(m, 6H), 6.66 (d, 1H). 
13C NMR (101 MHz, d6-CDCl3) δ = 156.0, 154.1, 149.1, 147.5, 
143.7, 136.8, 133.5, 129.4, 125.1, 123.8, 123.48 (s), 121.3, 119.5, 
116.1. IR (KBr, cm-1): 3035 (m), 1610 (m), 1581(s), 1463 (s), 1008 
(s), 790 (s), 694 (s).Far-IR (cm-1):516(vw), 504(vw), 400(vw). Anal. 
Calcd. for C31H22N4S(482.60): C, 75.15; H, 4.59; N, 11.61 %. 
Found: C, 75.18; H, 4.63; N, 11.59 %. MALDI-TOF: m/z, cal: 
482.16, found: 481.98 [M+]. 
Synthesis of complex LZnCl2. A solution of L (0.2413 g, 0.5 
mmol) in dichloromethane/methanol (10mL/30 mL) was mixed with 
a zinc chloride (0.0681 g, 0.5 mmol) in methanol (10 mL) and the 
reaction mixture was refluxing for 4 h. The mixture were cooled to 
room temperature and filtered, giving LZnCl2 as yellowish-brown 
solid with yield of 0.27 g, 90%. M.p. > 350 oC. 1H NMR (d6-DMSO, 
400 MHz, ppm) δ= 8.85 (d, 2H), 8.81 (s, 2H), 8.69 (s, 2H), 8.27 (t, 
2H), 8.21 (s, 1H), 7.84 (s, 2H), 7.45(t, 4H), 7.26 (m, 6H), 6.67 (s, 
1H); IR (KBr, cm-1): 3059 (m), 1604(s), 1543(m), 1473(s), 1438 
(vs), 1376 (m), 1019(s), 792 (m), 698 (m), 512(m). Far-IR(cm-

1):512(s), 504(m), 478(m), 437(m), 411(s), 364(w), 301(s), 276(m). 
Anal. Calcd. for C31H22Cl2N4SZn (618.88): C, 60.16; H, 3.58; N, 
9.05%; found: C, 60.20; H, 3.59; N, 9.07%. MALDI-TOF: m/z, cal: 
616.02, found: 580.51 [M-Cl]+.  

A similar synthesis procedures were also adopted for the other 
complexes LZnBr2, LZnI2 and LZn(SCN)2. 
Synthesis of complex LZnBr2. Yellowish-brown solid with yield of 
0.31 g, 90%. M.p. > 350 oC. 1H NMR (d6-DMSO, 400 MHz, ppm) δ 
= 8.88 (m, 4H), 8.72 (s, 2H), 8.33 (t, 2H), 8.22 (d, 1H),7.89 (t, 2H), 
7.45 (t, 4H), 7.28(m, 6H), 6.68 (d, 1H). IR (KBr, cm-1): 3058 (m), 
1607(m), 1572(m), 1542(m), 1473(s), 1437 (vs), 1376 (m), 1020(m), 
792 (m), 699 (m), 512(m). Far-IR(cm-1):513(s), 503(m), 477(m), 
437(m), 411(s), 364(w), 224(s), 203(m). Anal. Calcd. for 
C31H22Br2N4SZn (707.79): C, 52.61; H, 3.13; N, 7.92%; found: C, 
52.62; H, 3.16; N, 7.95%. MALDI-TOF: m/z, cal: 703.92, found: 
625.05 [M-Br]+. 
Synthesis of complex LZnI2. Red solid with yield of 0.36 g, 90%. 
M.p.> 350 oC. 1H NMR (d6-DMSO, 400 MHz, ppm) δ= 8.96 (d, 
2H), 8.89 (s, 2H), 8.75 (s, 2H), 8.37 (t, 2H), 8.24 (s, 1H), 7.93 (t, 
2H), 7.46 (t, 4H), 7.28 (m, 6H), 6.71 (s, 1H); IR (KBr, cm-1): 3046 
(m), 1600(m), 1536(m), 1432 (vs), 1373 (m), 1015(m), 786 (m), 693 
(m), 512 (m). Far-IR(cm-1):515(s), 499(m), 477(m), 444(m), 410(s), 
355(m), 205(s), 189(m). Anal. Calcd. for C31H22I2N4SZn (801.79): 
C, 46.44; H, 2.77; N, 6.99%; found: C, 46.46; H, 2.80; N, 6.98%. 
MALDI-TOF: m/z, cal: 799.89, found: 672.98[M-I]+. 
Synthesis of complex LZn(SCN)2. Orange-Red solid with yield of 
0.30 g, 90%. M.p.= 330 oC. 1H NMR (d6-DMSO, 400 MHz, ppm) δ= 
8.96 (s, 2H), 8.80 (s, 2H), 8.74 (s, 2H), 8.38 (t, 2H), 8.24 (s, 1H), 
7.94 (s, 2H), 7.45 (m, 4H), 7.28 (m, 6H), 6.73 (s, 1H); IR (KBr, cm-

1): 3056 (m), 2083(s), 1601(m), 1536(m), 1433 (vs), 1374 (m), 
1017(m), 788 (m), 695 (m), 516 (m). Far-IR(cm-1):518(s), 508(m), 

481(m), 449(m), 409(s), 351(w), 280(s), 254(m). Anal. Calcd. for 
C33H22N6S3Zn (664.14): C, 59.68; H, 3.34; N, 12.65%; found: C, 
59.66; H, 3.35; N, 12.68%. MALDI-TOF: m/z, cal: 662.04, found: 
603.67 [M-(SCN)] +. 

 

 Results and discussion 

Crystallography 

The single crystals of L, LZnCl2, LZnI2 and LZn(SCN)2, suitable 
for the X-ray diffraction analysis, were obtained from acetonitrile at 
room temperature. Unfortunately, for many times, the solvent 
evaporation method, solvent diffusion method and solvothermal 
technique had been tried but failed to obtain a suitable single crystal 
(always been filamentary) of LZnBr2. In contrast, the shape of 
LZnCl2, LZnI2 and LZn(SCN)2 was needle-like, granular and 
rhombus, respectively. The tiny structural difference may lead to 
various process of single crystal growth, and in this way LZnBr2 

tended to form filamentary crystal which cannot been detected at 
present. 

The structures are shown in Fig. 1. The crystal data collection and 
refinement parameters are given in Table 1. The selected bond 
distances and angles are summarized in Table 2. The geometrical 
parameters of the hydrogen bonds are listed in Table 3. The 
hydrogen bonds and stacking modes of L, LZnCl2, LZnI2 and 
LZn(SCN)2 are shown in Fig. 2 and Fig. 3, respectively.  

 
Fig. 1 Structures and coordination patterns of L, LZnCl2, LZnI2 and 
LZn(SCN)2; H atoms are omitted for clarity; Thermal ellipsoids are 
drawn at 50% probability.  
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Fig. 2 Hydrogen bonds of L, LZnCl2, LZnI2 and LZn(SCN)2 (green 

dash bonds) 

 

Crystal Structure of L. This crystal belongs to monoclinic system 
with P21/n space group. An asymmetric unit of L contains two 
molecules (Fig. S1). With regard to the triarylamine moiety, the 
three rings constitute a structure like propeller, and dihedral angle 
between two benzene rings is 64.9°, while the dihedral angles of the 

two benzene and thiophene rings are 83.5° and 81.4°, respectively. 
The nitrogen atom adopts a trigonal-planar geometry (∑C−N−C = 
119.4° + 118.2° + 121.1° = 358.7°). Because of the intramolecular 
C–H⋅⋅⋅S hydrogen bonds (Fig. 2a), the bridge thiophene ring is 
almost coplanar with the terpyridine group, whose dihedral angle 
with the core pyridine (P2) of terpyridine is 11.9° (Fig. S2). 
Compared with L, the 

Table 1   Crystal data and structure refinement for L, LZnCl2, LZnI2 and LZn(SCN)2 

Comp L LZnCl2 LZnI2 LZn(SCN)2 

CCDC No. 1016302 1016304 1016305 1016306 

Empirical formula C31H22N4S C31H22N4SCl2Zn C33H25I2N5SZn C35H22N7S3Zn 

Formula weight 482.59 618.86 842.81 702.15 

Temperature 298(2) K 298(2) K 291(2) K 298(2) K 

Wavelength 0.71069 Å 0.71069 Å 0.71073 Å 0.71069 Å 

space group P21/n Pī Pī Pī 

Crystal system monoclinic triclinic triclinic triclinic 

a/Å 13.288(5) 11.166(5) 13.682(6) 11.489(5) 

b/Å 40.706(5) 11.250(5) 15.253(7) 12.260(5) 

c/Å 9.100(5) 12.045(5) 18.373(9) 12.884(5) 

α/(º) 90.000 95.908(5) 103.092(6) 86.754(5) 

β/(º) 95.255(5) 91.729(5) 99.474(6) 66.599(5) 

γ/(º) 90.000 111.298(5) 113.806(6) 84.488(5) 

V/Å3 4902(3) 1398.5(11) 3273(3) 1657.5(12) 

Z 8 2 4 2 

Dc/Mg m-3 1.308 1.470 1.710 1.407 

µ/mm-1 0.160 1.172 2.731 0.966 

F(000) 2016 632 1640 718 

Final R indices 

[I>2σ(I)] 
R1 = 0.0561, 
wR2 = 0.1387 

R1 = 0.0459, 

wR2 = 0.1222 

R1 =0.0478, 

wR2 = 0.1189 

R1 = 0.0382, 

wR2 = 0.1097 

Goodness-of-fit on 

F2 
0.907 0.909 1.004 0.993 

dihedral angle between the bridge benzene ring and the core pyridine 
of terpyridine group within an analogue molecule 4'-(4-N,N-
diphenylaminophenyl)- 2,2':6',2''-terpyridine35 (labeled as TL in this 
article) is 32.7°, which is much larger. Inspection of L (Fig. S2), the 
tricentered hydrogen bond36 C20–H20⋅⋅⋅(N3 & S1) could be 
responsible for the excellent planarity. P2 forms dihedral angles of 
1.4° and 4.7° with P3 and P1, respectively. There are two kinds of 
hydrogen bonds in the crystal, which result in two different stacking 
patterns (Fig. S3, Table S2). 
Crystal Structure of LZnCl2. Complex LZnCl2 crystallizes in 

triclinic system with Pī space group. As shown in Fig. 1b, the 
metal center adopts a distorted trigonal bipyramidal N3Cl2 
coordination, and the angles are listed as follows: [N(2)-Zn(1)-
Cl(1), 123.7°; N(2)-Zn(1)-Cl(2), 117.2°; N(2)-Zn(1)-N(3), 
74.4°; Cl(2)-Zn(1)-Cl(1), 119.1°; N(3)-Zn(1)-Cl(1), 96.7°; 
N(3)-Zn(1)-Cl(2), 100.0°]. The lengths of three Zn-N bonds are 
different due to unequal repulsion which formed in the progress 
of two-dimensional structure. The zinc atom is closer to the 
core pyridine ring than the other two rings, which is 
comparable with the case of other zinc terpyridine complexes,37 
and the bond lengths are listed as follows: [N(2)-Zn(1): 2.098 
Å, N(3)-Zn(1): 2.189 Å, N(4)-Zn(1): 2.206 Å]. The distances 
between two chloride and zinc ions are 2.273 Å and 2.249 Å, 
respectively. Compared to the ligand L, the dihedral angle 
between the thiophene ring and P2 is much smaller in the 
complex LZnCl2, which is 5.9° (Fig. S2c). Among the 
terpyridine group the dihedral angles of P1 and P3 with the core 

ring P2 is 6.8° and 4.4° for the complex LZnCl2, respectively, 
which are slightly larger than those angles of L for lacking C–
H⋅⋅⋅N hydrogen bonds. The non-classical hydrogen bond and π-
π stacking interactions lead to three-dimensional 
supramolecular structure of LZnCl2, as shown in Fig. S4. It 
was also observed from Fig. S4b and S4c, one-dimensional 
chain structure along b-axis and staircase structure along a-axis 
could be found and further two-dimensional structure formed 
jointly. The chain structure was generated via intermolecular 
C–H⋅⋅⋅Cl hydrogen bonds, offset face-to-face and edge-to-face 
π-π stacking interactions, and the staircase structure via 
intermolecular C–H⋅⋅⋅Cl hydrogen bonds (Fig. S4a). Through 
weak edge-to-face π-π stacking interactions, layered three-
dimensional structure was formed along the c-axis (Fig. S4d). 
More details were shown in Fig. S4. 

Crystal Structure of LZnI2. Generally, complex LZnI2 owns 

the similar structural features with LZnCl2. For instance, 

LZnI2 also crystallizes in triclinic system with Pī space group 

and Zn(II) also adopts a distorted trigonal bipyramidal N3Cl2 

coordination. However, the difference is that one asymmetric 

unit of LZnI2 contains two target molecules and two 

acetonitrile molecules (Fig. S1). The two target molecules are 

parallel and anti-aligned. The bond lengths of Zn-I in LZnI2 

[I(3)-Zn(2), 2.590Å; I(4)-Zn(2), 2.621Å] are longer than Zn-Cl 

in LZnCl2 (2.273 Å and 2.249 Å). In addition, the angles of 

I(3)-Zn(2)-I(4) is 115.7°, which is smaller than Cl(2)-Zn(1)-
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Cl(1) in LZnCl2 (119.1°). The dihedral angles between P1 and 

P3 with the core ring P2 are 2.4° and 2.9°, respectively. Those 

structural features show that there is a higher degree of electron 

delocalization in the LZnI2 complex. As shown in Fig. 2c and 

Table S2, because of larger ionic radius and higher polarization 

than chloride ion, there are abundant intermolecular C–H⋅⋅⋅I 

hydrogen bonds between one iodide ion and another LZnI2 

molecule, which cause a different stacking pattern compared 

with LZnCl2 (Fig. 3c). The compact three-dimensional 

structure of LZnI2 also benefit from the extensive existence of 

offset face-to-face π-π stacking interactions (Fig. S5e). More 

details were shown in Fig. S5. 

Crystal Structure of LZn(SCN)2. Thiocyanate ion belongs to 

pseudo-halogen, thus the structure of complex LZn(SCN)2 

should be similar with the former two complexes mentioned. 

The differences should be given as follows. Due to a smaller 

steric hindrance, N atom from SCN coordinates with zinc ion to 

form a shorter bond [N(5)-Zn(1), 1.979 Å; N(6)-Zn(1), 1.950 

Å] than N atoms from terpyridine. Another characteristic 

should be noted that the core zinc ion does not line up with the 

three atoms of the thiocyanate group, forming an angle of 

168.9° and 161.3°, respectively (Fig. 1d). The thiocyanate 

groups stretch like two long arms, which permit the terminal 

electron-rich sulfur atoms to form weak interactions with the 

other molecules. In the case of LZn(SCN)2, intermolecular C–

H⋅⋅⋅S hydrogen bonds and non-covalent S⋅⋅⋅S weak interactions 

could be found, which lead to new stacking pattern (Fig. S3d). 

It is noteworthy that π-π stacking interactions were found 

neither in one-dimensional structure nor in two-dimensional 

structure. The reason could also be given that the linear type 

thiocyanate acted as long support fixing molecules remotely. 

The three-dimensional structure is formed via weak edge-to-

face π-π stacking interactions along b-axis, and the stereoscopic 

diagram was shown in Fig. S6e. More details were shown in 

Fig. S6. 

Fig. 3 Stacking modes of a) L viewing from b-axis, b) LZnCl2 viewing 

from a-axis, c) LZnI2 viewing from a-axis and d) LZn(SCN)2 viewing 

from a-axis 

On the whole, L owns a rigid and preferable plane structure, 

which may cause the delocalization of the lone pair of electrons 

into the π-system. However, the stacking of L is loose. The 

complexation with zinc halide improves the compactness, as 

well as the planarity of the framework. Different halide ions 

lead to various intermolecular interactions in the crystals, and 

eventually to different stacking patterns. 

Melting point analysis 

The melting point of L is 198 oC, while complex LZnCl2, 
LZnBr2, LZnI2, and LZn(SCN)2 are all exceed 300 oC. It is 
obviously that the coordination of L with zinc ion enhance the 
thermostability. With regard to the four complex, the melting 
point of LZn(SCN)2 is 330 oC, while the other are all exceed 
350 oC. The difference could be explained by the deficiency of 
π-π stacking interactions in the structure of LZn(SCN)2. 

 
Fig. 4  TG diagrams (a) and DTG diagrams (b) of L, LZnCl2, LZnBr2, LZnI2 

and LZn(SCN)2 

Thermogravimetric properties 

Thermal decomposition behavior of L, LZnCl2, LZnBr2, 

LZnI2 and LZn(SCN)2 were studied by thermogravimetry 
(TG) and derivative thermogravimetry (DTG) methods in the 
temperature range 20–800 oC in a flowing atmosphere of 
nitrogen gas. The TG and DTG curves were presented in Fig. 4, 
and showed one mass loss stage for any material. The 
decomposition temperature (10 wt% loss) of L, LZnCl2, 

LZnBr2, LZnI2 and LZn(SCN)2 is 390 oC, 473 oC, 486 oC, 
460 oC and 438 oC, respectively. At 464 oC, L was almostly 
vanished, while LZnCl2, LZnBr2, LZnI2 and LZn(SCN)2 

shown mass loss of about 6.8%, 3.4%, 11.0% and 38.7%, 
respectively. As shown in Fig. 4b, Tp (the maximum weight 
loss rate) of L, LZnCl2, LZnBr2, LZnI2 and LZn(SCN)2 is 
452 oC, 501 oC, 506 oC, 503 oC and 464 oC, respectively. In 
short, the thermal stability of all the four complexes exceed the 
ligand largely, and among them, LZnBr2 behave the best. 

 
Fig. 5 Far IR spectra of L, LZnCl2, LZnBr2, LZnI2 and LZn(SCN)2 

Far-IR Spectra38 

As shown in Fig. 5, the bands around 515 cm-1 and 400 cm-1 are 
shared by L and its complexes LZnCl2, LZnBr2, LZnI2 and 
LZn(SCN)2, which could be considered as the in-plane ring 
deformation and out-of-plane ring deformation, respectively. 
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The out-of-plane ring deformation shifts to higher frequency 
after the coordination of L with Zn(II): 399 cm-1 for L, 411 cm-

1 for LZnCl2, 410 cm-1 for LZnBr2, 409 cm-1 for LZnI2 and 
408 cm-1 for LZn(SCN)2. Two novel ν(Zn-X) bands(C2v 
symmetry) are expected in the lower wave numbers range 
(green oblique spots for LZnCl2, blue oblique spots for 
LZnBr2 and purple oblique spots for LZnI2 ), which gradually 
shift to lower frequencies in the order of LZnCl2, LZnBr2 and 
LZnI2. Those features are in accord with crystal data 
mentioned above: Cl(1)-Zn(1), 2.273 Å; Cl(2)-Zn(1), 2.249 Å; 

I(3)-Zn(2), 2.590 Å; I(4)-Zn(2), 2.621 Å. The ν(Zn-N) bands of 
four complexes are inconspicuous for overlapping with 
fingerprint region except LZn(SCN)2. 169 cm-1 and 157 cm-1 
band could be assigned as the stretching vibration of two Zn-
NCS bonds [N(5)-Zn(1),1.979 Å; N(6)-Zn(1), 1.950 Å]. In 
contrast, the three other ν(Zn-Npyridine) are located in lower 
frequency region(fingerprint region), whose bond lengths are 
slightly longer than Zn-NNCS. The band around 280 cm-1 could 
be assigned as δ(SCN). 

 

Table 2   Experimental (in benzene) and calculated linear absorption properties (nm), excitation energy (eV, oscillator strengths 

and major contribution for L, LZnCl2, LZnI2 and LZn(SCN)2. 

Cmpds 

Experimental 

data 
Calculated data 

λmax(nm) / ε(×104) λmax (nm) E(eV) f Composition Character 

L 
390 (2.51) 413 3.00 0.1689 126→127 (H→L)  ICT(πdpa→π*tpy) 

280 (4.21) 284 4.36 0.2724 126→133 (H→L+6)  πdpa→π*dpa 

LZnCl2 

441 (2.50) 468 2.64 0.5779 139→140 (H→L)  LLCT/ICT 

327 (2.37) 329 3.76 0.1235 132→140 (H-7→L) ICT(πtpy→π*thio) 

315 (2.51) 307 4.04 0.1293 131→140 (H-8→L)  ICT(πdpa→π*tpy) 

LZnBr2 

446 (3.06) 473 2.62 0.5673 136→140 (H-3→L) LLCT/ICT 

329 (1.81) 330 3.76 0.1301 132→140 (H-7→L)  ICT(πtpy→π*thio) 

316 (2.01) 309 4.01 0.1199 131→140 (H-8→L) ICT(πdpa→π*tpy) 

LZnI2 

448 (3.13) 485 2.55 0.3262 135→140 (H-4→L) LLCT/ICT 

329 (2.34) 341 3.63 0.0914 135→142 (H-4→L+2)  LLCT/ICT 

317 (2.58) 317 3.91 0.0776 134→143 (H-5→L+3)  LLCT 

LZn(SCN)2 

455 (3.54) 485 2.55 0.6281 157→162 (H-4→L) LLCT/ICT 

329 (2.17) 331 3.75 0.0915 156→162 (H-5→L)  ICT(πtpy→π*thio) 

318 (2.35 315 3.92 0.0826 155→162 (H-6→L)  ICT(πdpa→π*tpy) 

 

 
Fig. 6 UV-vis spectra of L, LZnCl2, LZnBr2, LZnI2 and LZn(SCN)2 in 

benzene (1.0 ×10-5 mol/L); the insert shows the normalized curves of the 

longer wavelength band of five molecules 

 

Fig. 7 Molecular orbital energy diagram for L and LZnCl2 (TD-DFT/b3lyp) 

Linear absorption and TD-DFT studies  

The absorbance data of L, LZnCl2, LZnBr2, LZnI2 and 

LZn(SCN)2 (c=1.0×10-5 mol/L) in different solvents were 
summarized in Fig. S7, Table S3.  

The linear absorption spectrum of L in benzene is shown in 
Fig. 6, from which one can see that its absorption spectrum 
exhibits dual bands in the 270-400 nm range. The low-energy 
band was tentatively assigned to intraligand charge transfer 
(ICT) transition. Because the ε and wavelength of this band was 
~25100 and ~390 nm, respectively, which meet the features of 
ICT transition. Likewise the high-energy band (280 nm, ε = 
42100 L·mol-1·cm-1) was assigned to the π-π* transition of the 
triarylamine moiety.31 As shown in Fig. S7, a weak 
solvatochromism was observed, indicating the L molecule with 
fairly small dipole moment and the difference in dipoles 
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between ground and excited state. By contrast, the low-energy 
band of TL is 355 nm,31 namely the ICT transition bands of L 
show a stronger bathochromic shift effect. This can be 
interpreted that the thiophene ring is more electron-rich moiety 
than benzene ring, thus increase the electron delocalization in 
the π-conjugated system and lower the energy of L. On the 
other hand, the better planarity of L, as detailed above, also 
makes it easier for electron to migrate in the π-conjugated 
system. 
   Herein, as an illustration for the spectra of the complexes, the 
case of LZnCl2

 will be described in detail. Three main bands 
could be found from the Fig. S7b. The intense absorption at 
~280 nm(ε = 33600 L·mol-1·cm-1, in benzene) originates from 
the π-π* transition of the triarylamine moiety, which is in 
accord with the ligand L. The second band locates at ~320 nm 
and appears as doublet (ε = 25100 L·mol-1·cm-1, 23700 L·mol-

1·cm-1) with a gap of about 10 nm, which could also be 
assigned to ICT transition. The last strongest band has red shift 
exceed 50 nm compared with L, and appears around 450 nm 
with molar absorption coefficient all exceeding 20000 L·mol-

1·cm-1. Compared with large π-conjugated organic ligand the 
halide ions was rarely regarded as important moiety in recent 
discussion for charge transfer of metal complex. Indeed, we 
thought that the influences of halide ions cannot be ignored in a 
certain aspect. Thus the LLCT transition between the vice-
ligand X (X = Cl) and the main ligand and ICT transition 
should be responsible for this low-energy band absorption.39-41 
The similar spectral profiles of the other three complexes can 
also be found (Fig. S7). Based on the experimental results, it 
can be proposed that the absorption spectra of the complexes 
display red-shift in the order of LZnCl2, LZnBr2, LZnI2 and 

LZn(SCN)2. The reasons are presented as follows: 1) The 
orderly increased polarizability of Cl, Br and I lower the energy 
of the whole molecule at correspondingly level; 2) The SCN 
groups further enlarge the electron delocalization region within 
the complex molecule. 

TD-DFT computational studies are performed to further 
elucidate the electronic structures of the ground state of L, 
LZnCl2, LZnBr2, LZnI2 and LZn(SCN)2. The schematic 
representation of the molecular orbitals of L, LZnCl2, LZnBr2, 
LZnI2 and LZn(SCN)2 are exhibited in Fig. 7 and Fig. S8, the 
energies and compositions of some frontier orbitals are listed in 

Table 2.  
The band originating from HOMO→LUMO for L calculated 

intense at 413 nm is assigned to intramolecular charge transfer 
(ICT) transition, while at shorter wavelength (calculated at 284 
nm) mainly originates from π→π* transitions of HOMO-1 to 
LUMO. Particularly, we found charge transfer from thiophene 
ring to diphenylamine moiety could also be responsible for the 
high energy band due to the high polarizability and electron-
rich property of thiophene (Fig.7a), which could not been found 
by literature yet. Compared with L, all the four complexes 
show three new absorption bands. The lowest energy bands 
were calculated at 468 nm, 473 nm, 485 nm and 485 nm of 
LZnCl2, LZnBr2, LZnI2 and LZn(SCN)2, respectively. These 
bands can be assigned to an typical ICT transition mixed a 
LLCT transition due to the vice-ligand X (X = Cl, Br, I) 
characteristic HOMO and 2,2':6',2''-terpyridine characteristic 
LUMO for LZnCl2, LZnBr2, LZnI2 and LZn(SCN)2. The 
higher energy bands of LZnCl2 were calculated at 307 nm and 
329 nm (transitions correspond to the HOMO-8→LUMO and 
HOMO-7→LUMO, respectively), which can be assigned to 
charge transfer transition from terpyridine to thiophene and 
charge transfer transition from diphenylamine moiety to 

terpyridine through thiophene bridge, respectively. While the 
complexes LZnBr2 and LZn(SCN)2 showed the same features 
with LZnCl2, LZnI2 should be assigned differently, which had 
not been distinguished in the experiment section. From 
crystallography section, the angle of I-Zn-I is smaller than that 
of Cl-Zn-Cl, despite the fact that the radius of iodine is larger 
than chlorine. That odd observation is consistent with the 
evident connection of the electron cloud of iodine atom with 
zinc center. From Fig S8b and Table 2, the iodine atom showed 
more participation in the charge transfer than chlorine atom, 
bromine atom and thiocyanate group. Therefore, it can be 
concluded that the theoretical calculation basically agreed with 
the experimental results, and clearly exhibited the charge 
transfer more objectively.  

To sum up, the thiophene moiety is key joint, which act as 
both favourable bridge and electron-rich donor. The 
complexation with Zn(II) lower the energy gap between the 
HOMO and LUMO of the organic moiety, which increase the 
probability of electrons transition. As vice-ligand, the halide 
ions further enlarge the conjugated system and introduce a 
LLCT transition. Moreover, the LZnI2 showed charge transfer 
differ with the other complexes, which might impact the 
properties diversely in some way. 

Table 3 Open aperture Z-Scan measurement data for the third-order 

nonlinear optical parameters of LZnCl2, LZnBr2, LZnI2 and 

LZn(SCN)2 

Compounds λmax (nm) β(cm/GW) σσσσ(cm4s/photon) 

LZnCl2 850 0.0603 2343.01 

LZnBr2 850 0.0665 2583.32 

LZnI2 850 0.0234 906.78 

LZn(SCN)2 850 0.0457 1774.85 

 

Fig. 8 Theoretical curves of a representative open-aperture Z-scan 
traces at wavelengths corresponding to maximum nonlinear absorption 

for L, LZnCl2, LZnBr2, LZnI2 and LZn(SCN)2 at 850 nm. 

Nonlinear optical properties 

The NLO properties of L, LZnCl2, LZnBr2, LZnI2 and 

LZn(SCN)2)  were measured by the OA (open-aperture) Z-scan 
technique using a tunable femtosecond laser system. Examples 
of OA Z-scan traces for solutions of complexes L, LZnCl2, 

LZnBr2, LZnI2 and LZn(SCN)2) are shown in Fig. 8 and Fig. 
S9. The NLO response for all the compounds depends on the 
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laser wavelength, for L, LZnCl2, LZnBr2, LZnI2 and 

LZn(SCN)2) the most pronounced nonlinear absorption and 
refraction effects were detected in the range from 680 to 1080 
nm.  

The NLO absorption components were evaluated by Z-scan 
experiment under an open-aperture configuration. The 2PA 
coefficient β and 2PA cross-sections (σ) were determined by 
the OA Z-scan technique. The theoretical data were fitted using 
the following equations:                            
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            (2) 
β is the nonlinear absorption (2PA) coefficient of the 

solution, I0 is the input intensity of laser beam at focus (z = 0) 
divided by πω0

2, Leff = [1-exp(-α0L)]/α0 is the effective length 
with α0 the linear absorption coefficient and L the sample 
length. χ = z/z0, z0 = πω0

2/λ is the diffraction length of the beam 
with ω0 the spot size at focus, λ is the wavelength of the beam 
and z is the sample position. So the nonlinear 2PA coefficient β 
(in units of cm/GW) can be deduced. Furthermore, the σ could 
be determined by the following relationship: 

310−×
=

dN
h

A

γβσ
     (3) 

Here, h is the Planck constant, γ is the frequency of incident 
laser, σ is molecular 2PA cross-section, NA is the Avogadro 
number, and d is the concentration (in units of mol⋅L-1). Based 
on equation (3), the molecular 2PA cross-section σ can be 
calculated. 

From the linear absorption spectra (Fig. 6), no absorption 
was observed from 600 to 800 nm range, suggesting low-
intensity loss and little temperature change caused by photon 
absorption when light propagates in the materials. This 
demonstrates that the NLO responses of complexes L, LZnCl2, 
LZnBr2, LZnI2 and LZn(SCN)2 in DMF are neat without the 
interference of the other absorption at the wavelength of 680-
900 nm femtosecond laser by the Z-scan technique. In Fig. 8, 
the open-aperture transmittance was symmetric with respect to 
the focus (z=0). The obvious minimum transmittance 
unambiguously indicated a biggish nonlinear absorption which 
was attributed to 2PA effect.  

Table 3 shows clearly that LZnCl2, LZnBr2, LZnI2 and 

LZn(SCN)2 exhibit a discernible two-photon absorption values 
with a maximum corresponding to σ ≈2343, 2583, 907 and 1775 
GM (Goeppert-Mayer units) at 850 nm, respectively. Such a 
difference must be due to varied negative ion, which indicates 
that anions own different electro-negativity may considerably 
influence on the 2PA cross sections. The results show that the 
influences of electron inductive effect of different halide ions 
on the two-photon absorption properties (Br>Cl>SCN>I) differ 
with those on the linear absorption properties as mentioned 
before (SCN>I>Br>Cl). This significant decrease of two-
photon absorption value of LZnI2 could be ascribed to the 
heavy atom effect (HAE) of iodine atom. Moreover, as P. N. 
Prasad declared,5 there was a strong correlation between 
intramolecular charge-transfer processes and two-photon 
absorptivity from the viewpoint of electronic structures and 
photophysical processes. The TD-DFT studies showed the 
charge transfer of LZnI2 is distinctive indeed, namely, the large 
polarizability of iodine actually influence the two-photon 
absorptivity somehow. To date, the influence of halogen atoms 
on the NLO properties remain undefined.42-44 

Those kinds of contradictions indicated that as to a push-pull 
system, the linear and nonlinear properties obey different laws, 
namely, the matching level of orbital energy has various 
influence on the behaviors of a material. 

These relative high values suggest that the zinc-based 
complexes as near-IR nonlinear optical materials can lead to 
potential applications in future. 

Conclusions 

A novel thiophene-based L and its four Zn(II) complexes 
LZnCl2, LZnBr2, LZnI2 and LZn(SCN)2, were synthesized. 
Their structures were confirmed crystallographically. It was 
found that the four terpyridine zinc halide complexes adopted a 
distorted trigonal bipyramidal N3Cl2 coordination, and various 
intermolecular interactions caused by different halide ions 
eventually lead to different stacking patterns. The 
thermogravimetry experiments demonstrated that LZnBr2 

shown the best thermostability. The linear absorption properties 
of L and the four complexes have been investigated combining 
experimental results with TD-DFT calculation methods, and the 
correlations between the structures and properties had been 
discussed in detail. The formation of Zn–N coordination bonds 
caused strong LLCT band and generated red-shift up to 50 nm 
compared with their free ligand L. The halide ions functioned 
differently on the enlargement of the π-conjugated system, 
following the order of SCN>I>Br>Cl. The third-order nonlinear 
optical properties were studied via open aperture Z-scan 
method. The complexes exhibited satisfactory two-photon 
absorption in the near-infrared range around 850 nm, and 2PA 
cross-section order were LZnBr2 > LZnCl2 > LZn(SCN)2 > 

LZnI2. 
In conclusion, the complexation with zinc ion not only 

improved its thermostability, but also considerably enhanced 
the nonlinear optical response in the NIR region. It suggested 
that these thiophene-based complexes were proposed as new 
NIR NLO materials. Further endeavor for the structure-
nonlinear property relationships and application optimization is 
ongoing in our laboratory. 
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A thiophene-based terpyridine ligand (L) and its four zinc halide complexes 

(LZnCl2, LZnBr2, LZnI2 and LZn(SCN)2) were synthesized and confirmed by 

single-crystal X-ray diffraction analysis. The open-aperture Z-scan results shown that 

LZnBr2 exhibit the best two-photon absorption property, which exceed free ligand L 

greatly. 
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